The luminescent center Er 3+ doped upconversion (UC) phosphors generally exhibit strong green and weak red emission, however, some UC phosphors with Bi-containing host materials exhibit an intense red emission, or the emission color can change from green to red as the Er 3+ , Yb 3+ concentration increases. This paper examined the relationship between the red UC emission and Bi-containing host materials by comparing the UC emission colors of host materials containing or not containing Bi with different or identical crystal structures. Furthermore, novel UC phosphors Bi 2 Ti 4 O 11 :xEr, yYb and Bi 2 Sn 2 O 7 :xEr, yYb were also synthesized by solid-state reaction method to certify those facts. These UC phosphors exhibit intense red emission with increasing Er, Yb concentrations in the same way as the reported UC phosphors with Bi-containing host materials. Based on the experimental results, it can be thought that energy transfer exists between Bi 3+ and luminescence center Er 3+ , and inferred that non-radiative relaxation (energy-loss) is more easily to occur. Therefore, Er 3+ doped UC phosphors with Bi-containing host materials tend to exhibit lower energy red emission than green emission.
Introduction
Almost phosphors consist of a host material and a luminescent center. In general, phosphors absorb light of shorter wavelengths such as ultraviolet (UV) light, and emit light of longer wavelength of the visible spectrum due to the loss of energy. The process of visible spectrum light production from an UV light source is known as down-conversion [ Fig. 1(a) ]. On the other hand, the lanthanide ion (Ln 3+ ) doped up-conversion (UC) phosphors absorb near-infrared (NIR) light by multiphoton and emit light of shorter wavelength of the visible spectrum [ Fig. 1(b) ]. Based on such characteristics, UC phosphors are expected to be applied to bioimaging, solar cells, 3D displays, etc. 1)3) Particularly, red emission UC phosphors are expected to be applied to bioimaging. This is because both of NIR excitation light and red emission are present in a wavelength region (600 to 1000 nm) called the "optical window of biol. tissues" which is easily transmitted through a living body and NIR light is harmless to the human body. 4 ), 5) The luminescent center Er 3+ doped UC phosphors generally exhibit strong green and weak red emission, and green emission is further enhanced with increasing con- 10) and so on. YVO 4 :Er, Yb nanocrystals are reported to have an UC emission that is not very sensitive to non-radiative relaxations, and leading to a high green-to-red emission ratio about 6.3. 6) and Bi 3+ co-doped phosphors, but the underlying interaction mechanism remains unclear.
In this paper, we aimed to investigate the relationship between Bi-containing host materials and their red UC emission through comparing the UC emission colors in the following two cases relating to such UC host materials: 1) the same constituent elements and different crystal structures; 2) different constituent elements and the same crystal structure. And we will examine the mechanism of UC red emission in UC phosphors with Bi-containing host materials. 
Experimental
Bi 2 Ti 4 O 11 :xEr, yYb (x = 0.5, 1, 1.5 mol %, x = 1 and y = 0.5 mol %), Bi 2¹x¹y Sn 2 O 7 :xEr, yYb (x = 1, 2, 3, 5, 7, 10 mol %, x = 7 and y = 1, 3 mol %) samples were prepared in air by a conventional solid-state reaction method. The starting materials, Bi 2 O 3 (Kanto Chemical, 99.9%), TiO 2 (Kanto Chemical, 99.9%), SnO 2 (Kojundo Chemical, 99.9%) were mixed in a stoichiometric ratio using an agate mortar. The mixture was transferred to a beaker with Er or Er and Yb standard solution in HNO 3 matrix and 20 mL of pure water, and stirred by magnetic stirrer at 100°C for 1 h.
The dried powders were heated at 300°C in an electric furnace with exhaust to evaporate nitric acid. Bi 2 Ti 4 O 11 : xEr, yYb samples were heated at 750°C for 4 h, then mixed, pelletized, and sintered at 1000°C for 7 h. For Bi 2¹x¹y Sn 2 O 7 :xEr, yYb samples, the molded pellets covered with calcined powder of the same composition were calcined at 800°C for 8 h, then mixed and pelletized again. Sintering of these samples was carried out at 1000°C for 4 h in the same way as calcining. The crystal structures of obtained samples were identified by an X-ray diffractometer (Rigaku, RINT-2000) with Cu K¡ radiation ( = 0.15418 nm). For UC fluorescence measurements, 975.6 nm laser diode (THORLABS, BL 976-SAG 300) was used as an excitation light source (pump power densities: 64 320 W/cm 2 ) and the UC emission spectra were recorded using a spectrofluorometer (JASCO, FP-6500).
Results and discussion
In order to investigate the red emission of UC phosphors with Bi-containing host materials, we at first focused on three substances that are composed of bismuth(III), titanium(IV), oxide ions: Bi 2 Ti 2 O 7 , Bi 4 Ti 3 O 12 , Bi 2 Ti 4 O 11 (case 1). The structure of pyrochlore-type oxide Bi 2 Ti 2 O 7 is simple fluorite structure defected oxygen atom in the tetrahedral interstice between adjacent Ti(IV) and Bi(III). In other words, the Ti(O2) 6 octahedra are corner-shared and build up a three dimensional network with the Bi atoms filling the interstices. Here, the Bi(III) is centered on a hexagonal ring formed by six Ti(O2) 6 octahedra, and connected to another two oxygen ions (O1) that located above and below itself. Thus, the coordination number of Bi(III) is 8 for oxygen ions. And layered perovskite-type oxide Bi 4 Ti 3 O 12 has three perovskite slab Bi 2 Ti 3 O 10 layers sandwiched between the Bi 2 O 2 layers. In the three perovskite slab, the Bi(III) at Bi1-site is coordinated by six oxygen ions that come from corner-shared TiO 6 octahedra. In the Bi 2 O 2 layers, the Bi(III) at Bi2-site is coordinated by five oxygen ions, the one (O4) and the four (O2) are come from TiO 6 octahedra and the Bi 2 O 2 layers, respectively. /Er 3+ concentration ratio, the green emission intensities first increase and then decrease. 14), 15) The intensity ratio of red to green emissions (I R /I G ) changes to be large with increasing Yb 3+ concentration at a certain Er 3+ concentration (see inset of Fig. 4) , that is the phosphors show red emission under these conditions.
In the other hand, we prepared unreported UC phosphors, Bi 2 Ti 4 O 11 :xEr, yYb by solid-state reaction method, to confirm whether or not the UC phosphors with Bicontaining host material exhibit UC red emission. Figure 2 shows the X-ray diffraction (XRD) patterns of Bi Figure 3 shows the UC emission spectra of Bi 2 Ti 4 O 11 :xEr under 975.6 nm excitation (pump power density: 320 W/cm 2 ). As shown in Fig. 3 Figure 4 shows the relationship between the integrated intensity ratios (I R /I G ) and Er 3+ , Yb 3+ concentrations for the samples of case 1. The integrated intensity ratios (I R /I G ) were obtained from the area ratios between the red emission range and the green emission range in each UC emission spectrum. It can be seen that the red emission is improved with increasing x (Er 3+ concentrations) in the samples of Bi 2 Ti 4 O 11 :xEr, and similar variations also can be found in other two oxides, Bi 2 Ti 2 O 7 :Er, Yb and Bi 4 Ti 3 O 12 : Er, Yb (as shown in the inset of Fig. 4) . The I R /I G values of the two UC phosphors shown in the inset of Fig. 4 Journal of the Ceramic Society of Japan 127 [6] 409-413 2019 nm excitation as same as that of the case 1. A two-photon energy transfer process was confirmed by the excitation power dependence of emission intensity. With increasing Yb 3+ or Er 3+ concentration, the green and red emission intensities first increase and then decrease. 28 ),29) Figure 5 shows the XRD patterns of our prepared unreported UC phosphors, Bi 2¹x¹y Sn 2 O 7 :xEr, yYb. The patterns of all samples are consistent with ¡-Bi 2 Sn 2 O 7 (ICSD#380255) and no any impurity phase is observed. Also, since almost no peak shift was observed in this case, it is considered that Er 3+ (0.103 nm) and Yb 3+ (0.101 nm) are doped in the Bi 3+ (0.110 nm) site. Figure 6 shows the UC emission spectra of Bi 2¹x¹y Sn 2 O 7 :xEr under 975.6 nm excitation (pump power density: 160 W/cm 2 ). As shown in Fig. 6 , Bi 2¹x¹y Sn 2 O 7 :xEr has two green emission bands and a red one similarly to reported UC phosphors. With increasing Er 3+ concentration, it can be seen that the overall emission intensity improved, reaches its maximum at x = 0.14, and decreases with x = 0.2. This is thought to be due to concentration quenching with increasing Er 3+ concentration. Furthermore, it is clear that the UC red emission is greatly sensitized with increasing y (Yb 3+ concentration) as shown in Fig. 7 . We calculated the I R /I G from the emission spectra of the reported UC phosphors with pyrochlore-like oxide and made Fig. 8 Figure 9 (b) proposed red emission mechanism of Er 3+ doped UC phosphors with Bi-containing host materials. As shown in Fig. 9(b . Then the probability of excitation from the 4 I 13/2 level to the red emission level is also gradually increased. Ultimately, Er 3+ doped UC phosphors with Bi-containing host materials tend to show red emission.
Summary
In this paper, we aimed to investigate the relationship between Bi-containing host materials and their red UC emission through comparing the host materials containing or not containing Bi with different or similar crystal structures. In addition, novel UC phosphors, Bi 2 
